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Background: Failure of colony PCRs in green microalga Chlorella vulgaris is typically attributed to the difficulty in
disrupting its notoriously rigid cell walls for releasing the genetic materials and therefore the development of an
effective colony PCR procedure in C. vulgaris presents a challenge.
Results: Here we identified that colony PCR results were significantly affected by the accumulated lipids rather than
the rigid cell walls of C. vulgaris. The higher lipids accumulated in C. vulgaris negatively affects the effective
amplification by DNA polymerase. Based on these findings, we established a simple and extremely effective colony
PCR procedure in C. vulgaris. By simply pipetting/votexing the pellets of C. vulgaris in 10 ul of either TE (10 mM
Tris/1 mM EDTA) or 0.2% SDS buffer at room temperature, followed by the addition of 10 ul of either hexane or
Phenol:Chloroform:Isoamyl Alcohol in the same PCR tube for extraction. The resulting aqueous phase was readily
PCR-amplified as genomic DNA templates as demonstrated by successful amplification of the nuclear 18S rRNA and
the chloroplast rbcL gene. This colony PCR protocol is effective and robust in C. vulgaris and also demonstrates its
effectiveness in other Chlorella species.
Conclusions: The accumulated lipids rather than the rigid cell walls of C. vulgaris significantly impede the
extraction of genetic materials and subsequently the effective colony PCRs. The finding has the potential to aid the
isolation of high-quality total RNAs and mRNAs for transcriptomic studies in addition to the genomic DNA isolation
in Chlorella.
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Due to their diversity, robustness of growing under
brackish water, easiness of cultivation, minimum nutri-
tion requirement and high algal oil content, microalgae
are heralded as the 3rd generation feedstock for biofuels
production [1-18]. Among those eukaryotic microalgae,
the green microalga Chlorella vulgaris is the most pro-
mising species for industrial applications. In comparison
to other microalgae, C. vulgaris has relatively high growth
rates, photosynthetic efficiencies and capable of accumu-
lating over 50% lipids (dry cell weight) under nitrogen
limited conditions [4,5].* Correspondence: zhao_hua@ices.a-star.edu.sg
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reproduction in any medium, provided the orThose advantages have led to the great interest in this
species for algal oil production and significant efforts
have been exercised towards the molecular level un-
derstanding and characterization of the lipids pathways
and genetic manipulation of Chlorella genes for maxi-
mizing its oil contents and optimizing the lipid profiles
[4,6]. With these goals in consideration, it is essential to
develop transformation tools which require a simple
procedure for the rapid identification of microbial trans-
formants by simple PCR analysis in routine studies [7].
Due to its rapidness, simplicity and minimal amounts of
cells required, colony PCR is an essential and also ex-
peditious technique for such a purpose [5,8]. Besides the
identification of microbial transformants, colony PCRs
are frequently employed in gene amplification, identifi-
cation of recombinant integrants and plasmid constructs
[9,10], taxonomy screening [11] and diagnostics [12]. In. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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colony PCR protocol for identification of a collection of
algal strains by the 18S rRNA analysis [13].
Few colony PCR procedures have been specifically
developed for some microalgae. These methods involve
the resuspending of cells using either chelating buffers,
10 nM Ethylenediaminetetraacetic acid (EDTA) [5,14],
5-6% Chelex-100 [5,14] and Tris/EDTA (TE) [5] or in
surfactants 0.2% Triton X-100 [14], followed by an
essential boiling step to facilitate cell lysis. However,
no existing protocols have been successfully applied
to C. vulgaris. Although Yeast Protein Extraction buf-
fer (Y-PER) was recently employed for colony PCR in
C. vulgaris [8], it is however more effective in colony
PCR of other microalgal strains than C. vulgaris and
typically requires an additional boiling step for C. vul-
garis. Furthermore, this additional boiling step leads
to the hydrolysis of the cell walls, which results over-
release of polysaccharides and subsequently inhibit
PCR amplification in C. vulgaris. Therefore subsequent di-
lution of the resulting extract is necessary for effective
PCR amplification [8]. Overall, the use of Y-PER in colony
PCR of C. vulgaris managed to work but required a few
additional steps and the colony PCR results are not con-
sistently reproducible.
The rigidity of C. vulgaris cell walls is well documented
[19,20] and characterized as robust and resilient [21]. In
addition, it has been described as a “recalcitrant” and
“cumbersome barrier” against oil extraction [22], genetic
manipulation plus cell fusion [19,23] and DNA extrac-
tion [13], thus requiring the utilization of mechanical
homogenization, organic solvents, enzymatic digestion
or a combination of these methods [19,20]. Together
with the accumulation of lipids in aging C. vulagris cul-
tures, its cell walls have been reported to be more resis-
tant to detergents as they age [24]. Therefore, the failure
of colony PCR in C. vulgaris has been typically attribu-
ted to its notoriously rigid cell walls which are consi-
dered as the main barrier for effectively releasing of
genomic DNA [5,8]. In contrast, here we identified that
the accumulated lipids rather than the rigid cell walls
affect the effective PCR amplification. Based on it, we
established a simple and extremely effective colony PCR
procedure for C. vulgaris and also demonstrated its




Algae culture and the medium used are identical to
those ascribed in the UTEX Culture Collection of Algae
(http://web.biosci.utexas.edu/utex/) and are as follows.
Chlorella protothecoides UTEX 256, Chlorella minutis-
sima UTEX 2341, Chlorella kessleri UTEX 262, andChlorella luteoviridis UTEX 258 were grown in proteose
medium, Chlorella sorokiniana UTEX 1666 in volvox-
dextrose medium, Chlorella anitrata UTEX 1798 in
modified Bold 3N medium, Chlorella vulgaris UTEX 30
in algae culture broth Fluka 17124, Chlorella desiccata
UTEX 2526 in artificial seawater medium, Chlorella
stigmatophora UTEX LB993 in Erdschreiber’s me-
dium, Chlorella saccharophila UTEX 2911 in Trebouxia
Medium, and Chlorella sphaerica UTEX LB2485 and
Chlorella spp. in Bold 3N medium. The detailed com-
positions of these culture media were described in the
UTEX culture collection of Algae (http://web.biosci.
utexas.edu/utex/).
Lysis buffers for cell disruption
Three different lysis buffers, 10 mM Tris (T4661 Sigma
Trizma® base) /1 mM Ethylenediaminetetraacetic acid
(EDTA) E6758 Sigma (TE buffer), 0.2% Sodium dode-
cyl sulfate (SDS) (Cat# 102918, MP Biomedicals) and
Yeast Protein Extraction buffer (Y-PER) (Product# 78990,
Thermo Scientific) are individually examined for their
genomic DNA extraction efficiency for colony PCRs. 95%
n-hexane (Cat# 650552, Sigma) and Phenol:Chloroform:
Isoamyl Alcohol (P:C:I 25:24:1) (P2069, Sigma) are used
for lipid extraction.
Colony PCR procedures
Algal cells collected from a colony or liquid culture were
resuspened into 10 μl of the above mentioned buffers in
a PCR tube. To facilitate cell disruption, the mixture was
pipetted/vortexed for a few seconds, followed by the
addition of 10 μl of hexane in the initial testing and later
replaced by Phenol:Chloroform:Isoamyl Alcohol (PCI) in
the same tube. The lysate was micro-centrifuged at room
temperature 25°C and 13.4 × 1000 rpm using Eppendorf
Minispin® (Cat# 5452 000.018) and 1-2 μl of the result-
ing aqueous layer was directly subjected to PCR analysis.
The extraction efficiency of genomic DNA by various
buffers was analyzed by PCR amplification of the nuclear
18S rRNA and the chloroplast rbcL gene. The universal
oligos for amplification of the 18S rRNA include the for-
ward oligo (5′-CCT GGT TGA TCC TGC CAG-3′) and
the reverse oligo (5′-A/TTG ATC CTT CT/CG CAG
GTT CA-3′) [5]. Amplification of the chloroplast rbcL
gene was carried out using the oligo pair, the forward
primer (5′-GCG GGT GTT AAA GAC TAC CG-3′)
and the reverse primer (5′-CCT AAA GTA CCA CCG
CCA AA-3′). PCRs were carried out in 20 μl of 1× high
fidelity buffer B (New England Biolabs, Ipswich, MA), 2
pmol of each primer, 4 μmol of each dNTP, 1-2 μl of
diluted genomic DNA templates extracted previously,
and 1 units of Phusion DNA polymerase with high fide-
lity for 30 cycles using i-Cycler from BioRad (Hercules,
CA, USA). Each cycle consisted of 10 s at 98°C, 30 s at
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mins at 72°C. The PCR products were subjected to 0.8%
agarose gel electrophoresis for analysis.Algal cell culture and total lipid analysis
C. vulgaris cells from a colony were picked and inocu-
lated in 100 ml freshwater algae media (Fluka 17124)
under sterile conditions and grown in 100 lumens fluor-
escence lighting using a ratio of 16:8 light to dark cycle
and agitation of 100 rpm at 25°C. After 14-days growth,
this initial seed culture was re-inoculated into four 200
ml cultures in 1 litre shake flasks and grown in the same
conditions above.
Cell density was measured using the difference in
absorbance at 735 nm and 680 nm. Cell lysis and trigly-
ceride extraction of C. vulgaris were carried out by cen-
trifuging 5 ml of algae culture which was followed by
re-suspension of the algae cell pellet in 20 ul of 30%
(v/v) Triton-× 100 in ethanol. Post incubation at 100°C
for 5 minute, the mixture was microcentrifuged at
13,400 rpm for 2 minutes and the resulting super-
natant used for cellular lipid analysis with a commer-
cial serum triglyceride kit (Sigma TR0100), according
to the manufacturer’s instructions. Cellular triglyceride
was quantified using a glyceryl trioleate (T7140 Sigma)
standard curve obtained using the above kit and shown
here as relative triglyceride per cell concentration using
the above OD values.Figure 1 Microsopoic examination of C. vulgaris cells treated with Y-P
(upper panel) and post the additional boiling step at 98°C for 5 min (lowerResults
Our recent efforts on the development of transformation
protocols in C. vulgaris require a procedure for rapid
identification of transformants by PCR screening. We
previously demonstrated that using of Y-PER with ad-
ditional boiling step (98°C for 10 mins) led to the ef-
fective release of genetic materials from C. vulgaris [8]
regardless of growth stage. However, we observed that
the PCRs frequently failed with the released genomic
DNA, especially from the aged cells. Microscopic exam-
ination (Figure 1) of the Y-PER treated algal cells har-
vested from different growth phases further illustrated
no morphological differences of the un-deformed rigid
cell walls following the elution of DNA. This suggests
other factors rather than the rigid cell walls impeding
genetic material extraction. Based on those observations,
we postulated that factors other than the rigid cell walls
impeding genetic material extraction and subsequent
PCR amplification. Since C. vulgaris is known to accu-
mulate significant lipids in the stationary growth phase,
this prompts us to examine if these accumulated lipids
impede effective PCR amplification.
Using hexane, a solvent known specifically for lipids
extraction in microalgae, crude cell lysates of the aged C.
vulgaris colonies from an agar culture (past 14 days) are
disrupted by pipette mixing in TE, 0.2% SDS and Y-PER
buffers prior to lipid extraction. Post micro-centrifuga-
tion, the resulting aqueous phases were analyzed by PCR
amplification. Sequences encoding the 18S rRNA wasER reagent. C. vulgaris harvested at the different growth stages
panel).
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spective buffers as indicated in Figure 2, while no PCR
products were detected from the crude cell lysates using
the various buffers without the additional hexane extrac-
tion step. This distinctly demonstrated that the further
extraction of the crude cell lysate with hexane was es-
sential. It also suggests that lipid removal by hexane ex-
traction is a necessary step for successful PCRs.
In addition, we observed that amongst those aqueous
buffers for initial cell disruption by pipetting, the aque-
ous phases from the initial 10 mM TE and 0.2% SDS
treatment produced better results than Y-PER when
used as DNA templates for PCRs. Furthermore, in con-
sideration of the unknown compositions of Y-PER
reagent, we employed TE and 0.2% SDS for the cell dis-
ruption in all the subsequent experiments. Secondly, due
to its high flammability hexane was replaced with PCI
for lipid removal. Additionally in contrast to hexane,
PCI produces an immiscible layer denser than water,
thus allowing simpler and more precise sampling from
the aqueous layer. Further removal of residual phenol
from the aqueous layer is not required for successful
PCR.
To further evaluate the impact of lipid accumulation
in C. vulgaris on the efficacy of PCR amplification, we
performed PCRs on algal cells extracted under various
growth stages. Consistent with the above study, the addi-
tional step with PCI extraction led to successful PCR
amplifications of the 18S rRNA sequences regardless of
the growth stages (Figure 3). We also noticed that fur-
ther PCI extraction is not required for successful PCRFigure 2 Colony PCR amplification of the 18S rRNA from the aqueousamplification of the 18S rRNA sequences from crude
cell lysate disrupted in TE harvested in both the lag
phase and the exponential growth phase, which corre-
sponded to the trace lipid accumulation as indicated in
Figure 3. However, the removal of total lipids by the
additional PCI extraction was essential for the cell ly-
sates from the stationary growth phase which accu-
mulated relatively higher lipids (Figure 3). These results
collectively demonstrate that the removal of accumu-
lated lipids is essential for successful colony PCRs.
In addition to the nuclear 18S rRNA analysis, we next
examined the effectiveness of PCR amplifying the chlo-
roplast rbcL gene in C. vulgaris from the aqueous layer
of the extracts. As indicated in Figure 4, rbcL gene was
successfully amplified from the aqueous layer of the TE
crude lysate. This suggests the overall effectiveness of
the initial cell disruption by agitation in TE buffer and
the subsequent lipid removal by PCI extraction on re-
leasing both the nuclear and chloroplast DNAs.
We next asked if this procedure is effective in other
species of Chlorella. By following the above protocol,
strains from various Chlorella species were agitated in
either TE or 0.2% SDS and followed by lipids removal
using PCI extraction, the extracted genomic DNAs in
the aqueous layers were subjected to the 18S rRNA PCR
amplification. In contrast with those crude cell lysates
without further PCI extraction, the 18S rRNAs sequen-
ces were successfully amplified from all the test strains
as depicted in Figure 5. This result further demons-
trated the effectiveness of the additional PCI treatment of
the crude cell lysates on the isolation of PCR-qualitylayer of hexane extracted cell lysate of C. vulgaris.
Figure 3 Total lipids accumulated in various growth stages of C. vulgaris (A) and their impact on the effective colony PCR
amplifications (B). PCI denotes Phenol:Chloroform:Isoamyl Alcohol (Cat# P2069, Sigma).
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Based on Figure 5, we also observed that the initial step
of disruption of algal cells in either TE or 0.2% SDS were
comparably inadequate for the releasing genomic DNAs
by agitation and this further suggests that the subsequent
phenol-chloroform extraction results the isolation of
PCR-quality genomic DNAs.Figure 4 PCR amplification of the chloroplast rbcL gene from
the aqueous layer of phenol-chloroform extracted cell lysate
of C. vulgaris. PCI denotes Phenol:Chloroform:Isoamyl Alcohol
(Cat# P2069, Sigma).Discussion
As the most promising eukaryotic green microalga with
the potential for industrial application for algal oil pro-
duction, intensive research efforts have been attempted
on C. vulgaris amongst other oleaginous algal species
and therefore it is essential to develop a simple PCR
protocol for rapid identification of recombinants with
desired phenotypes. In this work, we identified the accu-
mulated lipids (removed via solvent extraction) rather
than the rigid cell walls which are often considered in
previous researches [13,19,23] as the major barriers im-
peding DNA extraction. Based on this finding, we estab-
lished a robust protocol for simple, effective and robust
colony PCR in C. vulgaris.
Previous protocols [5,14] reported the use of the che-
lating buffers, 10 mM EDTA, 5-6% Chelex-100 and TE
buffer, together with the use of the surfactants, 0.2% Tri-
ton X-100. The ionic detergent SDS and Triton X-100
are used to cause disruption of the cell membrane, re-
sulting in the lysis and release of cellular components
[25,26], while the use of chelating agents prevent cellular
nuclease degradation of nucleic acids during cell disrup-
tion [25,27]. These extraction buffers do not have the
properties for oil removal. The organic solvent Phenol:
Chloroform [27] were used mainly to separate cellular
and nucleoproteins from DNA. By contrast, hexane [28]
and chloroform–methanol [22] have been previously
used for lipid extraction from microalgae. In the manu-
script presented here, hexane in conjunction with TE
buffer was initially used for lipid extraction/separation
from C. vulgaris without prior mechanical disruption
and DNA was obtained from the lower aqueous TE buf-
fer phase of the immiscible mixture post centrifugation.
This was later substituted with Phenol:Chloroform:
Figure 5 Colony PCR analysis of the 18S rRNA from other species of Chlorella. Cells were disrupted in either 10 mM TE (A) or 0.2% SDS
(B) and followed by PCI extraction for lipid removal. PCI denotes Phenol:Chloroform:Isoamyl Alcohol (Cat# P2069, Sigma).
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extraction buffers, allowing a cleaner and more rapid re-
moval of the aqueous phrase containing DNA. An add-
itional comparison of rapid DNA extraction without
boiling comparing TE buffer, 0.2% SDS, Y-PER [8] and
PCI was carried out on aged C. vulgaris cultures. Of these,
PCR amplification was successful only with the use of PCI
extraction as described in this work (Additional file 1:
Figure S1).
In addition, Modifications of the DNA extraction
using Chelex-100 [14] involve additional mechanical
homogenization for higher plants [29] or high tempe-
rature incubation in ethanol following homogenization
for Chlamydomonas reinhardtii and Arabidopsis thali-
ana [30]. The protocol presented here dispenses with
these procedures, involves fewer steps and equipment.
Compared with the use of Chelex-100, a chelating resin
in combination with incubation in ethanol, the method
here clearly segregates the genetic material from cellular
lipids and non polar cell components. Additionally,
incubation at high temperatures (100°C) for at least
10 minutes was necessary for the release of chloro-
plastic genetic material for the above method [5]. In
the protocol presented here, DNA from chloroplast is
obtained in a single step and without the high temperature
or boiling step. DNA degradation can thus be reduced
[31] and the procedure may be readily adaptable for the
extraction of other cellular components. The study [5]described the use of Chelex-100 for extracting PCR-
quality genomic DNAs from Chlorella species. Its ef-
fectiveness was demonstrated in the Chlorella species, C.
sorokiniana, C. protothecoides, C. zofingiensis and C. kes-
sleri. However, DNA extraction of C. vulgaris was not
carried out nor described in the references [5,14].
To the best of our knowledge the only example of
rapid DNA extraction in C. vulgaris [8] requires boiling
incubation, subsequent centrifugation of the cell pellet
in the surfactant, Y-PER and dilution of the supernatant
in water. No other procedure involving the use of
Chelex-100 on DNA extraction of C. vulgaris has been
reported [14]. Fundamental differences exist in the cell
wall composition [19,20], rigidity and cellular compo-
nents of Chlamydomonas reinhardtii, a model organism
for microalgae study and C. vulgaris with its lipid accu-
mulating potential, thus requiring the use of different re-
gime for DNA extraction.
In summary, we have established here, a simple and
extremely efficient method for routine colony PCR ana-
lysis in C. vulgaris that can be extended to other species
in Chlorella genus. Additionally, the finding that the
accumulated lipids rather than the rigid cell walls ne-
gatively affecting effective DNA manipulation has the
potential to aid the isolation of high quality and large
quantity of total RNAs and mRNAs for transcriptomic
studies in addition to the genomic DNA isolation in
Chlorella.
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Additional file 1: Figure S1. A comparison of rapid DNA extraction
from C. vulgaris harvested in stationary growth phase without boiling
using individual buffers for PCR amplification. The buffers, 10 mM Tris/
1 mM EDTA (TE), 0.2% Sodium dodecyl sulfate (SDS), Yeast Protein
Extraction buffer (Y-PER) (Cat# 78990, Thermo Scientific), Chelex-100, and
TE treated followed by PCI extraction were examined for their genomic
DNA extraction efficiency for colony PCRs.
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